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RFecommended Error Modsl Values for the LA Components

FOR TACTICAL AIRCRAFT GIHBALLED IMU

Error Designation mm Bumerical Valus (10)
Bias Drift Uncertainty  Random Constant 0.004' M

BPias Drift Randosness 1st=Order Markow 0.0062"/m
"9 = 20 min
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1 (Specific Forces Random Constant 0.005* /g
? ] along IA aad SA) . R
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Rotation rate of the IMU outer case

Update ’ .
Time: = 30 sec .

Status

This is a new module. Analytical formulation and coding das to
be perfozrmed. The coordinate transformations are simple. ¥Wo major
analytical work is required.
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proposed in the daytime configuration.
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image with the DMAC ganeratsd view (locking to the sids of the IN¥gnb FlAN)
while the pilot views a data Dase generated image of the woul® an-subniilf fyeht

of the atreraft. TRIREL Y

In areas vith large elevation changes, cluas can. be pEpy 30,
shu&ummtdoduamntnq&cptmm;muwupum
ges ! the per? of his RERE L f s

mu—msummmnumad‘%ﬁi ;
also add to the effectivensss of the system; especially mm
thrests. This sddition would allow crews to avodd knaw high, Shses M
vhen these crews are assigned targets beyond these areas,
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300 ft.’ 10 Gauss-Markov process With an’ 1t

of 15,000 ft.] The deviation of the optically anﬂ" f ﬁ&?

LRy e

«from the computed 1ine of sight constitates the measurssent:for An

extended Kalman filter. The actue] line of sight aptice] mummmeNsnt
15 specified by an azimith and elevation angle with respact to the
ToceT Teval frem. ‘A nisber of ‘Such madis ‘&-h:ﬁ&“%
Tandmark.
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Grundy, m«&-n. 1973 Intermetrics, Inc. mnwm
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landmark of 7.3 and 67.6 ms mncﬁn‘iy.
" to Migh performence systam errors using only 9 landmerks. : | ]
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Table 3-1. INERVIAL SYSTEM PARAMETERS.USED FOR m
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Inftial Velocity
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Gyro Drift Blas
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Gyro Random
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) Systam grrors Debwien Tariduivks '1s “dFiven” sainly by te
mwma - Bacause-the-gyro-drife-ts-Tow, mmwm-sm«f.
_angles ‘sfs repidly reduced’dy the f11ter with no Bropegatien m;

e e

e

| «quum eruer. between Reasurements wntil theffects of the randem |

- "ig“lt fii gyvo SFITY bacome Targe enough relative to the redudsd wisalignes
-ovver. In.the case' of {CIGS, there 1s. a strong imtﬁu«driw of miss .

aligrment angle Detuesn measurgmrits due to the Tarie gqyro drift.

mmdmmwwmwnmtmm
interval obviously results in less i{nertial system error propagation
betwesn the more closely spaced landmarks. Runs were mede with 9
m‘l; spaced landmarks fertlnmnpcrfm system and LCIGS.
The position errors and valocity errors just Defore and after the
measuremsnts at each landaerk aré listed fn Tables 3«4 and 3-5. -
. Comparison with the 5 landmark case (leles 3-2 md 3-3) shows
a cmsiderable lowering of errors. Errors immdiagaly afiter a set of
measureents are still MWQQMWWMUsM¢
.5,_mmﬁummwmnpmmamamm1m&
for the high perfermance systen and a corresponding'f3% reduction Yor ~
Lcles. htmwmmmhmmmmbﬂwlfm
’ ‘mmumummdwnrnmm twmw
- -vivtle veduced when 9 IMMMRMIM‘IW
1 fps. ﬁ...,zmwmmu ummw -
ot the #th Tandmark.] | x =

5‘3 mme‘M—.-q&é
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A matﬂnmm,mforts:ﬂ;w -ﬁmm lggmnz
for 1185 («3%he. bewizonta] drift, 0, g5y ). Itwms
) uimnmmm«nﬁaﬁ*m‘mwﬁn.xm.
sssuniing no GPS calibration for drift. The optical mbesuremsets were
for i9 evenly spaced landmrks as previously, but over ¥ timm faterval
‘of 2000 seconds so that the FEBA line was assumed to de treveided at
1200 seconds. Thus about 10 landmarks weve fn effect Wed 39 ‘pre=
calforats” the LCIES with the 1%/hr initia) drift durieg the fivet 3ON0
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INERTIAL SYSTEM POSITION ERRORS WITH KALWMN FILTER

Teble 3-3.
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Above from Fig. 29
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Table 3-7.

VELOCITY ERRGRS CMEESP(IIDING T0 POSITIN ERRORS - © 3

East Velocity
Ervor (mm)

North Velocity
Eﬂ‘m‘ (Meters/s)

Landmark

Before
Meas.

After
Mets.

0.45

0.86

0.62

1
2
3 0.8 0.51
4 0.62 0.36
] - 0.44 0.31
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jnmt. and the system mtrices at.time T are output. ~ |
i CoypriaNe) et ¥ ot xioe 1 3

Fegeoris et

mud to time T+TP giving PT

Qutput. This routine calculates from P the mmi@-s of
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_Inittalize; Section 2.4.5 =
Trajectory Caleulation: ‘Sectfon '2.5
Galoulate. F.6.0: Section 2.4.3 O
Propegate to T+TP: Section 2. 3 o
Output: Section 2.6 o
Calculate H,R:  Section 2 2.4.4
Kalman. Updlu. i ‘
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x(t) - n-d'lnnsiml stitc vector (i nuiized ssg)
w(t) . p-ﬂmsiml eput‘lmous white-noise forcing vectsr
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om mwmiw masipement; (or, Mmﬁ' output)
-vactor, avilable at certain discrate Himes tost,
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following equations: e
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where v (t) ond w (t) are stationary continuous umu-aoiu ﬁmsm In
st cms. a mv ot this form srises natprslly, mym others (the main

. example is gravity anomaly). mthav form_of model (nﬁg.ﬁ colores
arises wore naturally. In these latter cases, m agp?xinuting

forced mode! must be derived.
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2.3 Covariance. cnc.uht'lou (?mto Md Uydau P) N ime \

The covariance propagation sethod is based upoe: m ﬁﬂmmum ,
the information about error states provided by external msasuresents is in-
corporated by means of a Kelman filter. This proceduve allows: for 3 nﬁa-
Tation. in the -navigation. computer, of & mmqig;tinm (g_)‘ of the error
stase yector. X(t), which 15 used to correct. the !Mm‘mﬁ wt,
velecity, sad attitude provided by the. foertie). m,vigq,: ) tual

. X 1 .
NS R !i P Y
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 equations used wil) not be repeated here; rather.we P
of Mplist,Optiml Estimtion ed. by A, Gelb (Ref, 2) particylerly tg 1

_ tahles on Page 110 and 123 Mention should be wed ;gfimu&m;
u’l-a-fﬂm usmﬂon fs an fdeslization since such an nm'ﬂwm}a be
too umwieldy for IM computers. However, the sssuptton-1e wareniitid oy the
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where 2 discretized form of the pracess ﬁ: ampioyed). m m of the
mﬁm 1: ghnn by
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where K 1s the Kalman mn utrfx. m af m emmm w*m
fn full detafl in Ref. 2. - @ urbYE ‘
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Of course, the calculation of P(t) using the oquations pnmud above
can only be accmlishtd §F the system snd measufensnt mitPixis: ﬁﬂu kivown.
mmhmmwuwmemu., ST

28 Mdm Ervor Model nutription

Tln pn«ding section discussed error aﬁﬂm p

systuu in mm. The guidence subsystem error model’ ﬂuewﬁi Wum
for gnvit.y anomalies which effect it) is & 11wdar systel of the'doww -/
- describéd 1n Section 2.2. ‘Bafore the ‘spéeific’ dnncuﬁtt’lﬁ iﬂ*“ﬂcﬁ
. of the guidance subsystam error model are descrided; ES Conriting ¢
i - introduct ‘the coomma frames in which the qumﬂm of itarist o
2.4:1 c«mmo Froms R G e bt Lo
| I s m«.mmmmaumum préjraire

descriddd.’ The three sxes of tach of thilie Traimes: 1ois ¥ Vight-hhnilbir vat.
‘_ umm 1 te m of the aarth,;. m m&_

begimning of a d:sim. '
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S, ) rmhﬂ“»‘tmma Frase {15 frime) . mmsﬂﬁ frame in which

t e tujcem; positfon, velocity, shd*spicitic: forces witt Seyramp n

| “as ephamerid dats ‘For miasuremsiit mm o Thridmarks and mﬁw’. s
1te 1n the equatorial Plane with' xt ‘thvoug the' Gresawich seridisn at- ol The

, 'z‘ axis points to the north Pole. TM fran 1s inertfal.

e e T

(2). Earth—an (c—frm) This fﬂn cofncides with tho 1-fun
at t=0 but is fixed relative to the earth. Tlm, it rptates about 2 at
hd "“ é : L EI A )

\ (3). Geographic frame (n-frame). This frame has {ts axes aligned
with north, east and down directions at the present location (time t) of the
vehicle. It is a natural frame in which to express the rms output errors.
This frame rotates with the earth and the vehicle.

(4). Flight-path* frame (t-frame).. This frame is used to specify
gravity sodels. The geographic frame is rotated about the z axis, so that the
x axis points in the vehicle direction of flight. Thus, the xt and ,yt axes
form an along/cross track reference system. -' )

. ' (5). Platform-frame (p-fram).“ This frame is a natural one for
specifying the errors in inertfal instruments. The axes are the output axes
of the accelerometers, with the P, y" axes paraliel to the platform. '

2.4.2 Systam State Vector

This section presents the physical meaning of the elements of the state
vector X(t) fn the 1inear error model equation. The busic; form. of the 62-
dimensional vector is

%°(t) = [FF(8). T (8) $°(t) 3(e) "‘(t) Xg(t), xg(t) E.,,(t)]

. In this equation, 3r and §v are 3-dimensiona) position and velocity errors in
! the {< fna. and § 1s the 3-dimensional platform misalignuent (attitude) error
vector, ‘coordinatized in the i-frame.

The following ungnphs ducmn gyro and uccclcmur errors. These
errors are modelled in aecordnm viﬂl. and e ﬂnmution of, Ref. 3.

s A e
-
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b * . : R
ittt
*Also called the track frame, since it has nlm-tmk. cross-track and
down axes.
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Compi 1ancs Drift Error Coefficients.

O N

) 'ln\?

{In these equations. the symbols I, 0, and S refer ‘the 1nput‘m-§pin
axes of the gyro). Similar definitions hold for d 1 ‘through- dgg with:all
these drift biases assumed to be statistically mg;mn

The -15-dimensional vector a(t) represents the acceleromater srrors, -
The input axes of the three accelerometers are along the platform:%,Y,Z axes
respectively.. The first 4 elements of a(t) are defined as follows:

= K, = blas error ‘ ‘ ,
az *= Kix * scale-factor error. mfﬂeﬂnt
a3 = Ky ® scale-factor nori-1ingarity endfﬂcmli
8 = Keax ® cmss-nxis m-‘limﬁty Md&t

) " [ ENE S MO Oree oy

Elements 5 through 12 of & are sinﬂtﬂy defined with ufcnnu to the Y-
and Z accelerometers. Elements 13 through ls npmmt mﬂu uiuﬂmt
mu fo‘llu. o C e g
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where 6” - nisﬂimt Angle from. 1-:11 9 §-th. axigy; .-

The three dimiml voctor xa upments tht mvity anomaly errors,

i "ﬁnd W f.fm m&m’; Mf‘mﬁ% TN X "'*,, = % ey et w AT

N TR U SR e Sl R ¥ 4

"G'l = along-track verticn'l deﬂection

Xgo.® cms-mck m-tmlanmm Snoarpees g ow

Xg3 * anomaly .ugni_tqgie/-_gu.
where g, = average surface gravity. (The scaling of the latter by g is
merely a convenience). IR

The remaining states refer to the altftude damping based on altimeter
measurements. Third order damping is assumed (as in Ref. 4), and this gives
rise to three damping states, one for sach {-frame axfs. TMWMiml
vector xA(t) represents these states. (The Sa notation of Ref. 4 13 not used

to avoid confusfon with accelerometsr errors). Thé m-dimiml
‘ﬁmf represents altimeter errors, and is defined as

‘ s Ohory 1st order lhrkov error
‘hnf 2" bias error

l
s
!
}
)
|
8
i
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This completes the description of the error-state vector.
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F(t)=

2.4.3 System Matrices (F. 6. Q)

i,

FA

The system matrices describe the fmtﬂmm of the NI,
The mtrices defined here are based on three mms of 1nfomtion'

Space-stable IMU dynamics (Rcf. l)
Third-order altitude 'ans”fw'ff'”ﬁ‘ O
Imrtia'l-instmnt error nodels (Rcf 3l |

The reader of this memovandum Mﬁm -detadled: 1mm‘1ﬁ of he mtn
matrices should refer to these sources.

The dynamics matrix F(t) has dimension 62 by 62, in accordance with
the dimension of the error-state vector X(t). F(t) fs presented in partitioned
form as: )

Fi,1(t) I3 03a O3 O Op I S 8(t)
() Oyg.  Fpg(t) Oy ins(g)_. Ry 5(:,) Fa. ,(Q Fp.a(t)
O3  Og3 Oy F3,4(%) '°3x15 °m Qm O3y2
Pu—— %45x62 — S — —r——)
—O ’ss‘*’% Oy :
Faltle Osxs7— LR Sy LY |
‘ —92:60 R ®
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where R1(t) is i-frame posmon. (These qmtmu wiil be used frequently
in subsequent equations) Then - A

1k =k

where k, is a damping coeffictent. F, (t) is 3 by 2. npnnum thc
effect of altimeter errors. The definition 1s }

(The colon signities Justaposmon of matrices). e
| Fz l(t) is 3 by 3, and is defined as l S e

Fa l(t) LIRS REL)

P) “ F‘ .1 (e) reflects Schuler MC.' ad “ ‘ N i ft
M) e .
GRIG -—-’-—— RI(eRY(2) (m3 |
RLVCIL I

where u (t) is the Schuler frequency:

' ¢

W (t) = -t
1& ()1

, * 4.84814x10°5: red/sec

+
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F3,1 (t) reflects altitude damping ind 18 detioed

Fg.] (t) "'kzu . viiIashy ¢ \g‘cft = oL
where k, is a damping qjufﬂchnt. Sl aiwdem b o b s f.-w?"

?

" The Fy (m) metrix 1530y 3, ad. W#wmﬂamw um-
eration cauud by platform aligmment errords- e igisignate: ﬁy*ﬁ(ﬁ the
specific force acting on the 1nstmnts . Then

1 {
0 'fs( t) fz( t)
| i T
F2.3( t)= fa(t) 0 ‘f](t)

m o v

. _
The matrix Fz 5(11) is 3 by 15. This uatﬂx uodels tho accolmtion

indication errors (bias. g-sensitive, etc). (For further explanation, see

Ref. 3). To describe this matrix, we let. ..

Py = (Y

where Cf is the transforsation from the 1-to tM P fult ‘("l'hj;,,.yﬂl be 2

program fnput representing noniual platfom oricnttt‘lvan) Then di'mm
the t's for convenience: : ‘

LI S G S, A L
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The mtrix Fz.s(t’ reflects the gffoet 3" gr't"‘vhy anomaly on s)
* errors. It is given by:, .

L

ORI -

where gy is avﬂ'agc gravity at sn-leve\ Note that the t to 4 trmMu
1s tin-varying. It will be provided by trajectory calculations.

(t) is 3 by 3, and 1: pcrt of the ntitude an'lu Ma. i
It is siuply rrear B : .

Fa,7(t) = ~l3ys

Fz 8(1:) is 2 by 3, nﬂecting the effect of altimeter ervors. It
is defined by -

B R o

where k2 ts a damping coefficient.

L ’ .
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where "3 s a damping cocfﬂciut._ -
Fy a(t) is 3 hy 2, nﬂ@mﬁ; M
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Wy * 922 = Agay v’
33 * 2ogaay o/ s)*

where B,y is defined above (Fg s(t)). and qg is the vﬁigi deflection
standard deviation and Oy 15 the ancmaly (Kagnitude) mmrd’%umu.
Define :

Qg * By 1 pTH

where 8, ; is the time coms’ant ofthe altimeter: Merkow: error, sed: oy 1 o
is the standard deviation of this same error. .

The 6 matrix 1s 62 by 4, and inputs the wiite driving ncise into the
gravity and altimeter error models. It is defined as follows: ‘

o
—

I3 205
°3x4
[0 oo 13

[0 000
This eup‘lctes the dcscﬁption of all of the mmr System matrices.
It 1s to be notad that the variables uscd in ooaput‘lng t!mc matrices are:

A

* Wumerical parametars for mstrmd and mﬂuﬂml error uﬁﬂn
- Posttion and specific forcs fh tnerttal bpatie;
* Coordinate trmfmtion utﬂm T Adirtathey

’

These values are a1l avatlable frok’ é- Ao, the first growp from
user input and the others from umwmumﬂm.

Dot l,1 53\« R

% sngular, O ANOM mtmtion.,
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2.4.4 Measurement Matrices (H,R) SRR e
The CBM program uttlizey, tw fundamental clagses gf eth‘l .
For the tactical application a &omﬁ?m:u&n to kilbw landearks m Sesn.
added to the CBM pragram. Ve: note that the calculations require the foﬂm—

ing inputs:
. e Ty Mﬁiﬁw Wty NPl P 0 cwnet B0 txa an
© . Tim into Wtsston, to tarcutate’ i-frame loatfon of uﬁd muous
. Standard deviation of updltc-statfon ephenris errors.

2.4.5 Inftial Covartance Hntrix

In solving the R'lcatﬂ differential equation (Section 2.3.1) for
P(t) a value of P(0) is required. TMs ‘represents the covariance matrix
of errors states prior to takeoff.* ' :

However, the P(0) is 1tself a result of the errors tn complex initial
calibration and alignment procedure. The actual P(0) matrix will depend
heavily on the particular mechanization of this procedure, on the time alloted
to the procedure, and other factors. At the time of this writing, study.in
this area 1s still in progress. This section preseats a simplified model,
based on the assumption of uncomlated error-sutes.

P(0) fs assumed diagonn. with l’1 dtnoting the 1-th dfagonal eiement.
The first 9 of these are |

Py = 0 i=1 through 6

P, = [olyg)1*t = 7,8,9

where °(*o) 1s thn ms tnitial altm cmr por axis. ‘l’l\o mxt 3o terms
. are defined in terms of standard deviations of the gyro errors d, 1=1,2,...%
Tistad in Section 2.4:2. It'{s astiumed that thide standivd dviatibng are
the same for all three gyroscopes, so that only ten standard deviations,

* The value of P(t) at the Degtamt: ofmloimmd‘phuihﬂnl the
ummnmmmmgdu?m, far y

**For a gimbal-memory altgnment system this uswﬂon u fnmy realistic.
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a{d;), 11,2,...10 ave mut. For axasple, o(dg) “ .,,,, m ;'
deviation of the complience drift error coefficient att for the thrde
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The next 15 diagonal elements.represent mhmm@mrs. m accelerometer
standard deviations are given as o(a‘). i=1,2, 3.4 and o(c). where & is the

mounting error duhgmnt. Then defim " “

Pager = Pages * "47+1 . ["“1” S
1= 1,23 4

Pgo = P53 = l’54 = [o(8)])2.

The next three (gravity anomalies) are
Pss * Pgg ® "vp'
Psz = (Tanow/y)*

= sundard deviation'of verticn %d‘éf] éétf‘dn

" Syp

TaANOM
Oy = nominﬂ gravity

= standard deviation of gravity amly

Corvcsvonding to the duping states,

L Ps. ® Pgg = Pgg = 0 ' e o
Finally, the altimr srrors are 1aitmizod by : .

P °ALT-H _ s e

'62 - ‘M.T -C . - , .,,‘.,-. Coes

This completes tho ducriptfon « m fmm ? -dﬁx O
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2.5 ,W Calculations eu iy jw 5, g K
N iy of ‘the calcilations fn the mwm ApprEinmiary 2«‘.39 .

2.4.4, and 2,497 ww»emmwwmmgn“ iion

of !'ﬁllf\"ld dita, ot Y- wlm m’t\ A8 oz g

- Temon gty gl
S

&l --1-fuu posit'lon
V' = 4-freme velocity
?i~ s {-frome mcmc force

v? = ground speed.
C:,_. ¢ = direction cosine-matrices

The equations for calculating these are not reproﬂu«d here. Obviously
they will be different for the several phases of a wission.

The loiter-phase trajectory fncludes some segmants with sha;h.turns. o
where system-dynamics vary, and some long straight segments, where they are
stable. Therefore a flag will be output to indicate, for thé given time,
which of these segment types the missile is located on. Such a flag will
not be required for the other phases.




2.6 Output Calculations MET yvadaloaT P

" There re téo classes of output o *lm a,ul'%f
deviation of major THY ervors, presented as & fusction of £ime. The second
is the complete covariance matrix &t the end of the WQ@ Hi&h 1,; to be
used to 1nit1aliu tho succeeding phase. o

a2t 2

The IMU errors of interest are posii:igu‘i.ﬁ'véloctity and alignment errors
;oordimt’ized in the { and n-frames. (Velocity is with respect to inertial
space, regardless of the frame it is coordinatized in). Partition the P

matrix at time T as

r

in which a1l the sub-matrices are 3x3, and the spaces are not of interest

here. Then _
o(er!) = Pplaa) , 01,2,3

l{ ‘A O(GV‘) = Pv(aoa) ’ 6'1 02,3
O’(* ) =P (G,C) » 0=1,2,3

wher. m’ N’ 'vF are {-frame IMU errors. Next calculate

n |
’R !:1 PR c

i
o" c19vc

i
_ Py " O Py Cn
} , Then the n-frame outputs may be calculated from these matrices just as in the
| case of the i-frame outputs. Both sets of standard deviations may bes calcy-

Tated eont‘lmly in time from the curmt~ P(t) matrix.

The second output is simply the entire P matrix at the md of Ms B

and mim no further discussion. ST e ey

- . e P
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